A plant tissue-based chemiluminescence biosensor for ethanol based on using mushroom (Agaricus bisporus) tissue as the recognition element is proposed in this paper. The principle for ethanol sensing relies on the luminol-potassium hexacyanoferrate(III)-hydrogen peroxide transducer reaction, in which hydrogen peroxide is produced from the ethanol enzymatic catalytic oxidation by oxygen under the catalysis of alcohol oxidase in the tissue column. Under optimum conditions, the method allowed the measurement of ethanol in the range of 0.001 -2 mmol/l with a detection limit (3σ) of 0.2 μmol/l. The relative standard deviation (RSD) was 4.14% (n = 11) for 0.05 mmol/l ethanol. The proposed method has been applied to the determination of ethanol in biological fluids and beverages with satisfactory results.
Introduction
In the development of biosensors, some biologically active materials such as enzymes, microbial, cells, plant and animal tissue have been mostly used. Among these materials, the usage of plant tissue and animal tissue based biosensors has played a very important role in biosensor development due to some advantages such as low cost and simplicity of construction; also no cofactor for enzyme regeneration is needed. [1] [2] [3] Most of the tissue-based biosensors have coupled tissues either to amperometric electrodes, potentiometric elements (transducers) or to a combination of these systems with gas-sensing elements. 4 In these biosensors, the biocatalytic layer is usually retained physically at the detecting electrode surface with a support membrane. Then the analyte is sensed by diffusing through the test solution to the inner detector surface. However, these biosensors often suffer from problems of long response time and complex sensor assembly.
Specific physiologic effects occur in the peripheral and central nervous system due to the action of acetaldehyde (AcH) after alcohol intake. AcH in high doses can induce depression, ataxia, sleep, etc. and can reduce motor activity. In addition, in alcohol abusing individuals, AcH has been reported to mediate addiction, aldehydism, and craving and to produce derivatives with various neurotransmitters. 5 Excessive consumption could cause coma or even death. So, ethanol determination is important in clinical analysis. Also the determination of ethanol is of interest in preparing alcoholic beverages and in some biotechnological processes such as fermentation. Various methods have been developed for ethanol determination, such as GC, 6 HPLC, 7 near IR, 8 electrochemical method, 9 and spectrophotometry. [10] [11] [12] Chemiluminescence (CL) has also been reported for ethanol determination. [13] [14] [15] [16] [17] [18] [19] [20] For example, an optical fiber-based CL assay using immobilized alcohol oxidase as recognition for ethanol was developed. 13 Nakagawa and coworkers investigated cataluminescence (CTL)-based sensor for ethanol using aluminum oxide γ-Al2O3 catalyst. [14] [15] [16] [17] [18] [19] Recently, a new type of sensor based on nanosized SrCO3 material was proposed by Zhang's group for the detection of ethanol. 20 A literature survey found that plant tissue-based CL sensors were reported for the analysis of glycolic acid, 21 dopamine, 22 and urea; 23 however, to the best of our knowledge, there is no report on ethanol assay by a CL sensor that is based on plant tissue as a recognition unit.
In this research, we used the plant tissue in a mini-column as molecular recognition element for sensing of ethanol with FIA-CL detection. The mushroom (Agaricus bisporus) tissue was used as the recognition element for ethanol. The principle of the determination of target analytes is that hydrogen peroxide released from the tissue column due to enzymatic reactions increases the radiation emitted during the chemiluminescence oxidation of luminol by potassium hexacyanoferrate(III) in sodium hydroxide medium. The recognition conditions such as temperature, the stopped-flow time and pH were optimized. And the conditions for chemiluminescent detection were also optimized. The lifetime of each sensor and the repeatability between columns were measured. Finally, the developed method was applied to determination of ethanol in biological fluids and beverages with satisfactory results. ethanol (0.1 mol/l) was stored in a refrigerator. Working standard solutions of ethanol were prepared daily from the stocked solution by appropriate dilution with doubly deionized water. A 0.01 mol/l luminol solution was prepared by dissolving 0.1777 g luminol in 100 ml of 0.01 mol/l NaOH solutions. The mushroom (Agaricus bisporus) was purchased from the local market and stored at -18˚C in the refrigerator until use.
Apparatus
A schematic diagram of the flow detection system used in this work is shown in Fig. 1 . Two peristaltic pumps were used to deliver all solutions; one at a flow rate of 2.0 ml/min (pump 1) for delivering sample stream; the other for delivering water carrier stream and CL reaction reagents at a flow rate of 3.6 ml/min (per tube, pump 2). PTFE tubing (0.8 mm i.d.) was used to connect all components in the flow system. Injection was made by using an eight-way injection valve equipped with a 150 μl sample loop. After an appropriate time for each enzyme-catalyzed oxidation in the plant tissue reactor, the H2O2 produced was injected into the water carrier stream and then mixed with a mixture of luminescent reagents (potassium hexacyanoferrate(III) solution-luminol solution). The CL signal produced in the flow cell was detected by a photomultiplier tube (operated at -600 V) of the Type IFFL flow-injection chemiluminescence analyzer (Ruike Electronic Equipment Company Ltd., Xi'an, China). The signal was recorded by a computer, equipped with a data acquisition interface. Dataacquisition and treatment were performed with REMAX software running under Windows 98. The Type CS-501-3C thermostatic water bath was used to control the temperature for enzymatic reaction.
Procedure for calibration
Separate flow lines were inserted into the basic luminol solution, the potassium hexacyanoferrate(III) solution, the doubly deionized water, and the sample solution. The pumps were started until a stable baseline was recorded. Hydrogen peroxide derived from the tissue reactor was injected into the carrier stream, then merged with luminescent reagents, leading to production of a CL signal. The CL emission intensities versus ethanol concentration were used for the calibration.
Procedure for preparation of tissue reactor
The mushroom (Agaricus bisporus) was cut into 2 mm × 2 mm small pieces with a blade; then 1.2200 g of tissue and 0.06 g of glass wool were placed into a mortar, and this mixture was ground with a pestle. All the resulting tissue paste was packed into a small glass column (80 × 5 mm i.d.) plugged with a small amount of cotton at both ends; finally the tissue column was washed with 1 mmol/l NaH2PO4-Na2HPO4 buffer solution (pH 7.8) for 30 min at a 2.0 ml/min flow rate. The tissue reactor was sealed at both ends and stored in a refrigerator when not in use.
Procedure for plasma samples Plasma samples were obtained from the Hospital of Southwest University. Add 1 ml of 6% (w/v) perchloric acid for each ml of the plasma for deproteination. Blend on a vortex mixer and centrifuge at 3000 rpm for 10 min. Transfer 1 ml of the proteinfree supernatant into a 50 ml of volumetric flask and dilute to volume with water, then keep at 4˚C before analysis.
Procedure for beverage samples
Beverage samples were obtained from local markets, filtered and then appropriately diluted with water. The samples were kept at 4˚C before analysis.
Results and Discussion
The principle of the determination of target analytes is that hydrogen peroxide released from the tissue column due to enzymatic reactions increases the radiation emitted during the chemiluminescence oxidation of luminol by potassium hexacyanoferrate(III) in sodium hydroxide medium. It has been reported that there exists some alcohol oxidase activity in mushroom. 24 So we used mushroom as the tissue for our study. Some mushrooms such as Pleurotus ostreatus, Lentinus edodes, Coprinus comatus, and Agaricus bisporus were tested for ethanol recognition; experimental results showed that only Agaricus bisporus gave CL response.
Hence, in our experiments, Agaricus bisporus was selected for further study. In order to clarify the role of tissue column, the CL response of 100 μmol/l ethanol with and without tissue column, and blank CL response with tissue column were compared.
The experimental results demonstrated that only 100 μmol/l ethanol with tissue column gave CL response, which suggested that the passing of ethanol solution into the tissue column could produce hydrogen peroxide which can elevate the radiation from 966 ANALYTICAL SCIENCES JULY 2006, VOL. 22 oxidation of luminol by potassium hexacyanoferrate(III) in basic media.
Optimization of tissue column recognition conditions for ethanol
Temperature plays an important role in most enzymatic reactions. In this work, we studied the effect of temperature on the CL response of sensor between 10 -50˚C, as controlled by the thermostatic water bath. The results demonstrated that the sensor response was higher at high temperature within the tested temperature range (Fig. 2) . However, at higher temperatures, the lifetime of the biosensor was shortened. Taking into account the lifetime of the sensor and operational convenience, we chose 25 -30˚C as the experimental temperature for all subsequent experiments.
In general, the sample solution pH affects the activity of enzyme. In order to explore the effect of pH value on the response of tissue biosensor, we evaluated 1 mmol/l phosphate buffer solutions at 500 μmol/l ethanol solution over the pH range from 6.0 to 8.0. It was found that a high and stable CL intensity could be obtained at pH 7.8 ( Fig. 3) , which was consistent with results in the literature. 25 Therefore, a pH of 7.8 was used for the present biosensor.
Generally, in the experiments using immobilized pure enzyme, the concentrations above 5 mmol/l phosphate buffer should be used for target analyte. However, our experimental results show that the CL signals decreased when concentration of phosphate buffer was lower or higher than 1 mmol/l. This is a very strange phenomenon. In our opinion, this may arise from the difference between pure enzyme and tissue. So, in our experiments, we used 1 mmol/l phosphate buffer to adjust the pH of the sample solution.
The time the substrate remained in the tissue column controlled the converting rate of ethanol to hydrogen peroxide. A relatively higher CL signal could be obtained at a longer stopped-flow time, but the analysis rate might be limited in this condition. To obtain both high CL intensity and quick analysis rate, we finally selected 1 min as the stopped-flow time.
Optimization of chemiluminescent reaction conditions for ethanol determination
Luminol reacts with potassium hexacyanoferrate(III) to produce light emission in basic solution. Therefore, sodium hydroxide was added in a flow line to improve the sensitivity of the reaction. The concentration of sodium hydroxide versus signal intensity was studied at different concentrations from 1 × 10 -4 -0.1 mol/l. It is found that the signal intensity increases with the concentration of sodium hydroxide; however, the background level also increases with the concentration of sodium hydroxide. So the S/N (signal/noise) ratio was used to evaluate the sodium hydroxide effect. The results show that the S/N ratio increases with the concentration of sodium hydroxide up to 5 × 10 -3 mol/l, above 5 × 10 -3 mol/l sodium hydroxide, the S/N ratio decreases (Fig. 4) . As a compromise between the sensitivity and the background level, finally, 5 × 10 -3 mol/l of sodium hydroxide was selected for the present work.
The effect of luminol concentration on the CL response was examined over the range 10 -200 μmol/l. The results are shown in Fig. 4 . One can see that the S/N ratio increases with the concentration of luminol up to 50 μmol/l; above 50 μmol/l luminol, the S/N ratio decreases. Finally, 50 μmol/l was selected as the optimal concentration of luminol.
The effect of potassium hexacyanoferrate(III) concentration on the signal intensity was examined in the range from 1 -200 μmol/l. It is found that both the signal intensity and the background level increase with the concentration of potassium hexacyanoferrate(III) concentration. However, the S/N ratio increases with the concentration of potassium hexacyanoferrate(III) up to 20 μmol/l; above 20 μmol/l potassium hexacyanoferrate(III), the S/N ratio decreases (Fig.  4) . Considering the sensitivity and the background level, finally, 20 μmol/l of potassium hexacyanoferrate(III) was used in all later work.
Stability of the sensor
In order to check the lifetime of the sensor, we explored the stability of tissue column by checking the time dependence of CL signal for 500 μmol/l ethanol with the flow sensing mode. The results are shown in Fig. 5 . It is found that the CL signal is stable for about 140 min (CL signal is about 80% of original response), suggesting the sensor works favorably. After 140 min, the sensor deteriorates gradually. From above discussion, it can be estimated that the sensor is stable for over 100 determinations of ethanol with the FI sensing mode with sampling rate of about 40 times per hour. Our literature survey found that there was only one paper reported by Guilbault's group 13 dealing with CL sensing of ethanol by using immobilized alcohol oxidase, in which 1.5 min response time was adopted for ethanol recognition. So, the present FIA-CL method is rapid compared to that of the earlier CL method using immobilized alcohol oxidase. The 20% decrease of CL response was selected as the criteria to evaluate the lifetime of tissue reactor on the basis of one publication 21 in which 30% 967 ANALYTICAL SCIENCES JULY 2006, VOL. 22 decrease of response as compared to its original value was defined as the criteria to evaluate the service life.
Response to ethanol
Under the selected experimental conditions described above, the calibration graph of emission intensity versus ethanol concentration was linear in the 0.001 -2 mmol/l range. The regression equation is ΔI = 38.76 [ethanol] (mmol/l) + 266, r 2 = 0.9843 (n = 8). The detection limit (3σ) for ethanol was 0.2 μmol/l. The RSD was 4.14% for 0.05 mmol/l ethanol (n = 11). A complete analysis including sampling and washing could be performed in 1.5 min. The detection limit of 0.2 μmol/l for ethanol obtained by the proposed method determination was two orders of magnitude lower than 1 to 2.1 mg/l by the catalytic CL. 15, 16, 20 Hence, the proposed method promises to be highly sensitive for ethanol determination.
Three replicate determinations at two concentration levels were carried out to test the reproducibility among three tissue columns. The results are listed in Table 1 . As can be seen, RSD (precision) of inter-column and intra-column is less than 8%, suggesting that the reproducibility among tissue columns is satisfactory. The chromatograms of the CL response with an increased ethanol concentration are shown in Fig. 6 .
Interference and real sample analysis
The effect of foreign substances was tested by analyzing a standard solution of ethanol (0.1 mmol/l) to which increasing amounts of interfering substances was added. The tolerable concentration ratios with respect to 0.1 mmol/l ethanol for interference at 5% level were over 1000 for K + , Na + , Cl -, Br -, NO3 -, maltose; 500 for urea; 200 for Ca 2+ , Mg 2+ , amylon; 100 for glucose; 20 for Al 3+ ; 10 for Zn 2+ , Fe 3+ ; 5 for NH4 + ; and 1 for ascorbic acid. From the above results, we conclude that the proposed method has good selectivity for ethanol determination, and that the normal components present in the biological fluids do not interfere with its determination.
For real sample analysis, Tables 2 and 3 show the results of ethanol recovery tests made on spiked serum and beverages. The recovery for spiked serum and for beverages range from 92 to 106% and from 91 to 109%, respectively. Thus the proposed method proved to be satisfactory for the routine estimation of ethanol in human plasma and beverages. For practical sample analysis, only a dilution process was needed as a sample pretreatment, an extraction procedure was not necessary. As an illustration of analytical application, the proposed method was applied to several blood samples and beverage samples. The blood samples were collected from the Hospital of Southwest University. The results are shown in Tables 2 and 3 , respectively. As can be seen, the proposed method can be applied to the determination of ethanol in blood and beverage samples with satisfactory results.
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